1. Introduction {#sec1}
===============

The problem of sustainable energy and environment is the most important challenge for our economical continuable development.^[@ref1]^ Heavy metal pollution is one of the serious environmental problems, because many heavy metals are easy to accumulate in living organisms and are known to be toxic.^[@ref2]−[@ref5]^ Heavy metals exist in various environmental media such as water, soil, and air. Some heavy metals are essential for human health at trace amounts but will become toxic when consumed at a higher concentration. For example, high health risks induced by heavy metal consumption through drinking water have been widely reported.^[@ref6],[@ref7]^ Copper is an essential element in animal metabolism; excessive ingestion of copper brings about serious toxicological concerns, such as vomiting, cramps, convulsions, or even death.^[@ref8]^ Elevated copper levels have been shown to be directly linked to cancer progression.^[@ref9]^ It has been characterized that neurological disorders, diabetes, cardiovascular disease, and atherosclerosis are all linked with disturbed copper homeostasis.^[@ref10]^ High concentrations of heavy metals in the environment will affect human health via drinking water intake, inhalation, and dermal contact and reduce the ecological biodiversity.^[@ref11]^ Therefore, removal of toxic heavy metals from the environment is an important work to ensure environmental sustainability and human health.^[@ref12]^

In recent years, various methods for heavy metal removal from wastewater have been extensively proposed, including but not limited to chemical precipitation, ion exchange, adsorption, membrane filtration, and electrochemical technologies.^[@ref13]−[@ref17]^ Among these techniques, the adsorption method has been extensively researched because of its high removal efficiency and adsorption capacity, and simple and convenient processes.^[@ref18]^ It has become a popular method for heavy metal removal from wastewater.^[@ref19]^ Adsorption is an effective method to remove heavy metal ions by using the unique structure of the adsorbents, and organic functional groups on the porous materials can chelate heavy metal ions to form stable coordination compounds to remove contaminated heavy metals.^[@ref20]−[@ref22]^ The design and synthesis of the adsorbent with excellent adsorption performance is critical and is an important subject worthy of being further studied in adsorption research.^[@ref23],[@ref24]^ Many materials have been developed to remove heavy metals in water, such as activated carbon, ion exchange resin, chelating resin, zeolite, carbon nanotubes, chitosan, and graphene.^[@ref25]−[@ref29]^ However, some drawbacks such as small surface area, poor adsorption performance, not easy regeneration, and so forth restrict absorbents' application in wastewater treatment. In order to improve the adsorption performance of absorbents and make them more efficient to remove heavy metal ions, it is necessary to modify the surface of the absorbents.

Porous ceramics have been used as filters, catalysts, and lightweight structural supports in industrial applications.^[@ref30]^ Porous cordierite ceramics not only have a porous structure, good thermal shock resistance, and low thermal expansion coefficient but also have the characteristics of good adsorption performance, thin pore wall, and large geometric surface area. They are considered as one of the most promising materials for use in a wide range of applications including as catalyst carrier materials,^[@ref31]−[@ref33]^ filtration separation materials,^[@ref34],[@ref35]^ refractory materials,^[@ref36],[@ref37]^ electronic equipment materials,^[@ref38]^ and infrared radiation materials.^[@ref39]^ However, the application of porous cordierite ceramic as an adsorbent in the removal of metal ions from aqueous solutions has not been reported in literature. In order to expand the application of porous cordierite ceramics, the modification of cordierite ceramics for heavy metal treatment in wastewater was studied in this paper. Mullite whisker has excellent properties such as high temperature resistance, wear resistance, oxidation resistance, small thermal expansion coefficient, high temperature strength, good thermal shock resistance, high-temperature creep reduction, and so forth. It is an excellent reinforcing agent for ceramic matrix composites.^[@ref40]^ Therefore, combining mullite and cordierite to prepare composite ceramics can play their respective roles and improve the properties of the materials.^[@ref41]^ The mullite whiskers have obvious toughening and reinforcing effects on the cordierite ceramic materials and greatly increased the specific surface area of cordierite porous ceramics. The specific surface area of the mullite whiskers/cordierite composite can provide a reaction active group for the grafting of a silane coupling agent.

In this study, mullite whiskers were prepared by molten salt synthesis on a cordierite substrate, which further expanded the specific surface area of cordierite. Then, a chemical grafting method using γ-aminopropyl triethoxysilane (KH550, NH~2~(CH~2~)~3~Si(OC~2~H~5~)~3~) as a raw material was carried out on mullite whiskers/cordierite ceramic materials. A range of experiments were conducted to evaluate the adsorption ability of Cu^2+^ onto the modified mullite whiskers/cordierite ceramic sample (MCK) in aqueous solutions. The objectives of this work were as follows: (1) the physical and chemical structural studies of MCK were analyzed by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), Brunauer--Emmett--Teller (BET), and X-ray photoelectron spectroscopy (XPS); (2) determine the effects of initial solution pH, sorbent dosage, initial Cu^2+^ concentration, and temperature on the adsorption of Cu^2+^ onto MCK; (3) adsorption kinetics, adsorption isotherm, adsorption thermodynamics, and adsorption mechanism were investigated; and (4) assess the reusability and the stability of MCK. This study could provide a theoretical basis for the application of cordierite porous ceramic for the removal of heavy metal ions.

2. Results and Discussion {#sec2}
=========================

2.1. Characterization {#sec2.1}
---------------------

### 2.1.1. XRD Analysis {#sec2.1.1}

The structure analysis of MC was carried through XRD analysis. It can be seen from [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} that the mullite crystal diffraction peak appears in the phase of MC. The diffraction peaks at 2θ = 16.5, 31.1, 35.2, 37.0, 40.9, 43.2, and 60.5° represented the (110), (001), (111), (130), (121), (113), and (002) lattice planes of mullite according to the Jade PDF card (15-0776), which indicated that the synthesized sample (MC) contained a mass of mullite. These results obviously confirmed the insertion of mullite whiskers in cordierite porous ceramics.

![XRD pattern of cordierite and MC.](ao0c02085_0001){#fig1}

### 2.1.2. SEM Analysis {#sec2.1.2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the morphologies of cordierite and MC. As can be seen, the surface of cordierite porous ceramic was rough with a high porosity, which suggests that the cordierite porous ceramic would possess a good adsorption capacity. Mullite whiskers grew on the surface of the cordierite substrate and formed a cluster-like interface microstructure, which are well combined with cordierite. This result indicated that MC was successfully prepared through molten salt reactions.

![SEM images of (a) cordierite and (b) MC.](ao0c02085_0007){#fig2}

### 2.1.3. Open Porosity and Pore Size Distribution {#sec2.1.3}

The open porosity of porous cordierite ceramic was 58.15% using the Archimedes methods. The high porosity proves that the cordierite matrix composite adsorbent is porous, which provides the possibility for the adsorption of heavy metal ions in aqueous solutions. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the pore size distribution of the porous cordierite ceramics. It was obviously to find that the porous cordierite ceramics have a unimodal pore size distribution curve. The pore size distribution was between 1.63 and 3.14 μm, indicating that the pore size distribution of the porous cordierite ceramics is uniform.

![Pore size distribution of the porous cordierite ceramics.](ao0c02085_0008){#fig3}

### 2.1.4. FTIR Analysis {#sec2.1.4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} presents the FTIR spectrum of MC and MCK. The peak at 3365 cm^--1^ in the MC is the stretching vibration peak of −OH, the peak at 1184 cm^--1^ is attributed to the stretching vibration of the \[SiO~4~\] tetrahedron, the peak at 964 cm^--1^ is assigned to the stretching vibration of the \[AlO~4~\] tetrahedron, the strong absorption band at the wavenumber of 772 cm^--1^ corresponds to the six-membered ring structure of the cordierite. The peaks at 623 and 584 cm^--1^ mainly belong to the expansion and contraction caused by the vibration of the Mg--O~6~ octahedron. After KH550 modification, the peaks at 2934 and 2865 cm^--1^ are attributed to asymmetric stretching vibration and symmetrical stretching vibration of C--H bond in methylene (−CH~2~−) groups,^[@ref42]^ which illustrates the existence of organic molecular chains on the surface of MC. These results indicate that KH550 has been successfully grafted onto the surface of MC.

![FTIR spectra of MC and MCK.](ao0c02085_0009){#fig4}

### 2.1.5. BET Analysis {#sec2.1.5}

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the specific surface area and pore volume data calculated by the BET and Barrett, Joyner, and Halenda formulas. It can be seen that the specific surface area of MC is 3.5 times larger than that of cordierite, and the pore volume is also increased by 6.7 times, which confirms that mullite whiskers that grow on the cordierite matrix expand the specific surface area of cordierite. Therefore, it is expected that MC should be more suitable for Cu^2+^ adsorption than cordierite, because MC has a greater number of adsorption sites than cordierite.

###### BET Specific Surface Areas (*S*~BET~), Pore Volume, and Pore Diameter of the Samples

               specific surface area/m^2^·g^--1^   pore volume/cm^3^·g^--1^   pore diameter/nm
  ------------ ----------------------------------- -------------------------- ------------------
  cordierite   5.7                                 0.01                       50
  MC           19.8                                0.09                       28

2.2. Adsorption Studies {#sec2.2}
-----------------------

### 2.2.1. Effect of Reaction Time on the Adsorption Properties {#sec2.2.1}

As can be seen from the variation trends of the two curves in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the removal efficiencies of MC and MCK were relatively high at the beginning of the Cu^2+^ adsorption process; with the increase of time, the removal efficiency is gradually reduced, the vacant sites are occupied, and the adsorption equilibrium is attained at 120 min. The MCK removal efficiency can reach 98.13%, which is much higher than that of the MC sample. MC has an adsorption effect on heavy metal ions because of its porous structure. The reactive group (−NH~2~) of the surface of MCK can coordinate with Cu^2+^, which increases the removal efficiency and adsorption capacity of MCK. In addition, the adsorption reaction time was set at 120 min in subsequent experiments.

![Effect of reaction time on adsorption.](ao0c02085_0010){#fig5}

### 2.2.2. Effect of pH on the Adsorption Properties {#sec2.2.2}

The effect of pH on the removal efficiency of Cu^2+^ is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Initial pH values were adjusted to 2, 3, 4, 5, 6, and 7, respectively. It can be seen that the initial pH of the solution has a significant effect on the removal of Cu(II), and the removal efficiency of Cu(II) by MCK increases ,while the pH increases until a certain value. When the solution pH \< 3, the removal efficiency of Cu(II) by the adsorbent is very low. When the pH \> 5, the adsorption of Cu(II) by the adsorbent tends to be stable. Under acidic conditions, copper ions are mainly present as Cu^2+^ in aqueous solutions, a large amount of H^+^ exist in the solutions, and H^+^ suffered competitive adsorption with Cu^2+^ on the chelate adsorption site on the surface of the adsorbent. The protonation of amine and hydroxyl groups decreases the binding sites for Cu^2+^, leading to a decrease in the adsorption. With an increase of the pH value, the number of hydrogen ions decreased and the MCK allowed more ligands to form complexes with Cu(II), which leads to the higher adsorption capability. With the increase of pH (\>5), three species of Cu(II) coexisting in this solution, Cu^2+^, Cu(OH)^+^, and Cu(OH)~2~, compete with each other, precipitation of metal hydroxides formed, and a bigger error is caused. Thus, pH 5 was chosen for further experiments.

![Effect of pH on adsorption.](ao0c02085_0011){#fig6}

### 2.2.3. Effect of Adsorbent Dosage on the Adsorption Properties {#sec2.2.3}

The effect of adsorbent dosage on the adsorption of Cu^2+^ is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. It can be seen that the removal efficiency increases with the increase of adsorbent dosage from 0.4 to 2.0 g. This can be explained that an increased amount of adsorbent results in an increase in surface area as well as the number of vacant active sites. Although increasing the dosage can increase the removal efficiency of Cu^2+^, the optimum dosage of the inflection point of the removal efficiency curve is selected, that is, 0.8 g is the optimal dosage.

![Effect of adsorbent dosage on adsorption.](ao0c02085_0012){#fig7}

### 2.2.4. Effect of the Initial Concentration on the Adsorption Properties {#sec2.2.4}

When the pH is 5 and adsorbent dosage is 0.8 g, the effect of the initial concentration on adsorption is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. It can be seen that the removal efficiency decreases with the increase of the initial concentration of Cu^2+^. The active sites are limited on the adsorbent surface when the initial concentration reaches a certain value. At the same initial concentration condition, the removal efficiency of the sample MCK is higher than that of the sample MC because the silane coupling reaction increases the quantity of active sites on the surface of MCK.

![Effect of the initial concentration on adsorption.](ao0c02085_0013){#fig8}

### 2.2.5. Effect of Reaction Temperature on the Adsorption Properties {#sec2.2.5}

The relationship between the removal efficiency and reaction temperature is shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. The removal efficiency of samples MCK and MC increases while the temperature increases. It is suggested that the adsorption of Cu^2+^ by MCK and MC is an endothermic reaction and the effect of temperature on the removal efficiency is not significant. Therefore, the adsorption can occur at room temperature.

![Effect of the reaction temperature on adsorption.](ao0c02085_0014){#fig9}

### 2.2.6. Thermodynamic Analysis {#sec2.2.6}

The thermodynamic parameters of MCK for Cu^2+^ adsorption at different temperatures are calculated to determine whether the adsorption reaction is endothermic or exothermic, spontaneous or nonspontaneous.^[@ref43]^ The feasibility and the direction of the adsorption phenomena can be predicted by studying the thermodynamics of the adsorption as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.

![Van't Hoff plot for Cu^2+^ adsorption at different temperatures.](ao0c02085_0002){#fig10}

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows the thermodynamic parameters for Cu^2+^ adsorption on MCK. The negative values of Δ*G*^o^ indicate the spontaneous process of the reactions and the more negative value with an increase of the temperature shows that a high temperature was advantageous for the adsorption process. The positive value of Δ*H*^o^ indicates that the adsorption process is an endothermic process. The positive value of Δ*S*^o^ indicates that there is an increase in the randomness at the solid--solution interface and it is also entropically favored during the adsorption process.^[@ref44]^ Therefore, the adsorption of Cu^2+^ by MCK is a spontaneous endothermic process.

###### Thermodynamic Parameters for Cu^2+^ Adsorption on MCK

  *T*/K   Δ*G*^o^/(kJ·mol^--1^)   Δ*H*^o^/(kJ·mol^--1^)   Δ*S*^o^/(J·mol^--1^ k^--1^)
  ------- ----------------------- ----------------------- -----------------------------
  298     --8.55                                           
  303     --9.81                                           
  308     --10.72                 43.28                   177.58
  313     --11.29                                          
  318     --12.23                                          

### 2.2.7. Adsorption Kinetics {#sec2.2.7}

In order to understand the adsorption phenomenon, a pseudo-first-order kinetic model and a pseudo-second-order kinetic model have been used to examine experimental data.^[@ref45]−[@ref47]^

[Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} presents the nonlinear and linear curves of the pseudo-first-order and the pseudo-second-order models fitted with the experimental data of Cu^2+^ adsorption on MCK. The corresponding fitting kinetic parameters, and computed values are listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. It is well known that the nonlinear method can be applied to obtain kinetic model parameters that are more accurate than those obtained using the linear method. It was found that both the nonlinear (*R*^2^ = 0.9987) and linear (*R*^2^ = 0.9994) methods of the pseudo-second-order described the Cu^2+^ adsorption kinetic data very well. Compared to the pseudo-first-order kinetic model, the correlation coefficient of the linear pseudo-second-order kinetic model (*R*^2^ = 0.9994) was higher. Moreover, its calculated equilibrium adsorption capacity (*q*~e,cal~ = 19.88 mg·g^--1^) was closest to the experimental equilibrium adsorption capacity (*q*~e,exp~ = 19.25 mg·g^--1^). Thus, the adsorption of Cu^2+^ onto MCK follows the pseudo-second-order kinetic model.

![Adsorption kinetic model fitting of MCK: (a) linear curve of the pseudo-first-order kinetic model; (b) nonlinear curve of the pseudo-first-order kinetic model; (c) linear curve of the pseudo-second-order kinetic model; (d) nonlinear curve of the pseudo-second-order kinetic model (pH = 5, dosage: 0.8 g, initial Cu^2+^ concentration: 30 mg·L^--1^, temperature: 298 K).](ao0c02085_0003){#fig11}

###### Adsorption Kinetic Parameters for Cu^2+^ Adsorption on MCK

  type                                                linear model   nonlinear model
  --------------------- ----------------------------- -------------- -----------------
  pseudo-first-order    *k*~1~ (min^--1^)             0.0116         0.0555
                        *q*~e~ (mg·g^--1^)            8.39           17.91
                        *R*^2^                        0.8657         0.9843
  pseudo-second-order   *k*~2~ (g·mg^--1^ min^--1^)   0.0042         0.0039
                        *q*~e~ (mg·g^--1^)            19.88          20.03
                        *R*^2^                        0.9994         0.9987

### 2.2.8. Adsorption Isotherms {#sec2.2.8}

In order to understand the adsorption mechanism of Cu^2+^ adsorption on MCK, the adsorption data were analyzed by adsorption isothermal models. Both Langmuir and Freundlich isotherms were applied to analyze the experimental data of Cu^2+^ adsorption onto MCK.^[@ref48],[@ref49]^

The fitting plots of the two models in their linear and nonlinear forms are shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. The corresponding calculated parameters obtained from the linear and nonlinear equations are listed in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. It was found that the correlation coefficients of both the nonlinear (*R*^2^ = 0.9917) and linear (*R*^2^ = 0.9895) methods obtained from the Freundlich model were higher than those of the Langmuir model (*R*^2^ = 0.9628, and *R*^2^ = 0.9861, respectively) for Cu^2+^ adsorption. Thus, the experiment data of Cu^2+^ adsorption satisfactorily fitted the Freundlich isotherm model, which indicated that the adsorption of Cu^2+^ occurs on heterogeneous surfaces by multilayer adsorption. The value for the constant n was 0.342 (between 0 and 10) in the Freundlich model, which indicated that the adsorption was favorable and Cu^2+^ could be easily adsorbed onto MCK.

![Adsorption isotherm models for Cu^2+^ adsorption: (a) linear curve of the Langmuir model; (b) nonlinear curve of the Langmuir model; (c) linear curve of the Freundlich model; (d) nonlinear curve of the Freundlich model (pH = 5, dosage: 0.8 g, contact time: 120 min, temperature: 298 K).](ao0c02085_0004){#fig12}

###### Adsorption Parameters of Langmuir and Freundlich Isotherm Models

  type                                                  linear model   nonlinear model
  ------------ ---------------------------------------- -------------- -----------------
  Langmuir     *q*~m~ (mg·g^--1^)                       54.94          55.32
               *K*~L~ (L·mg^--1^)                       0.8273         0.6765
               *R*^2^                                   0.9861         0.9628
  Freundlich   *K*~F~ ((mg·g^--1^)·(mg·L^--1^)^−*n*^)   20.6252        22.2536
               *n*                                      0.3934         0.3425
               *R*^2^                                   0.9895         0.9917

### 2.2.9. Adsorption Mechanism of MCK {#sec2.2.9}

XPS analysis was carried out to discuss the adsorption mechanism and interaction of functional groups of MCK and Cu^2+^ in the solution. Its full spectra before and after adsorption are shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}a. It is found that there are eight peaks in the whole spectrum before adsorption, namely, O 1s, C 1s, N 1s, Si 2s, Si 2p, Al 2s, Al 2p, and Mg 2p. The presence of the N 1s peak confirms the presence of KH550 on the surface of MCK, which is well consistent with FTIR characterization. Apparently, the new peak at 942.2 eV attributed to Cu 2p is observed in the survey scan spectrum of XPS after the adsorption of Cu^2+^, which confirms the adsorption of Cu^2+^ onto the surface of MCK. In [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}b, the characteristic peaks appearing at 941.3 and 961.2 eV were attributed to Cu 2p~3/2~ and Cu 2p~1/2~, respectively; Cu 2p~1/2~ shock peaks also appeared at 951.2 eV. Usually, the special vibration peak of Cu^2+^ is related to the d^9^ configuration of Cu. The C 1s spectra of MCK in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}c shows two peaks at 284.8 and 286.3 eV corresponding to C--C/C--H and C--N, respectively. After the adsorption of Cu^2+^ in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}e, the binding energy of C--N shifted to 285.7 eV, which indicated that the C--N was involved in the adsorption mechanisms. [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}d,f is the N 1s spectra of MCK and Cu--MCK. The binding energy at 398.5 eV is assigned to the N 1s of C--N. After adsorption of Cu^2+^, the peak shifted to 404.8 eV. This is because the N atom donates the lone pair of electrons to the copper ion and the resulting electron density of the N atom decreases and binding energy increases. All data evidence the stronger interaction between Cu^2+^ with the −NH~2~ group, indicating that the main adsorption process is chemical adsorption.

![XPS spectra of MCK and Cu--MCK: (a) full spectra of MCK and Cu--MCK; (b) Cu 2p spectrum of Cu--MCK; (c) C 1s spectra of MCK; (d) N 1s spectra of MCK; (e) C 1s spectra of Cu--MCK; (f) N 1s spectra of Cu--MCK.](ao0c02085_0005){#fig13}

2.3. Desorption and Regeneration {#sec2.3}
--------------------------------

After cyclic adsorption for five times, the removal efficiency of the regenerated MCK is shown in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}. It can be seen that the removal efficiency of MCK remains stable during five adsorption--desorption cycles. The Cu^2+^ removal efficiency decreases approximately 4 and 7% (after five cycles) compared with the first adsorption by using EDTA-2Na and HCl, respectively, because Cu^2+^ forms a more stable chelate complex with EDTA-2Na. The removal efficiency loss can be ascribed to desorption process incompleteness. In view of the above results, it was clear that the adsorbent MCK exhibited excellent reusability.

![Regeneration studies of MCK.](ao0c02085_0006){#fig14}

2.4. Comparison of Cu^2+^ Removal with the Literature {#sec2.4}
-----------------------------------------------------

[Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} includes the Cu^2+^ adsorption capacity of MCK and related materials. The maximum adsorption capacity shows the outperformance of MCK, indicating the beneficial effect of grafting KH550 to the adsorbent. The higher adsorption capacity together with other suitable features such as easy synthesis, availability, easy separation, reusability, and being environmentally friendly makes MCK an efficient adsorbent.

###### Comparison of Maximum Adsorption Capacities (*q*~m~), Isotherm, Order of Reaction, and Reaction Time for Cu^2+^ by Different Adsorbents

  adsorbents for Cu^2+^                                           time      capacity (mg·g^--1^)   isotherm     order of reaction   refs
  --------------------------------------------------------------- --------- ---------------------- ------------ ------------------- ------------
  chitosan/clay/magnetite composite                               24 h      17.20                  Freundlich   pseudo-second       ([@ref50])
  chitosan--zeolite composite (CZ)                                60 min    25.88                  Langmuir     pseudo-second       ([@ref51])
  magnetic iron oxide\@graphene composites                        150 min   50.40                  Freundlich   na                  ([@ref52])
  magnesium ferrite nanoparticle                                  60 min    29.44                  Langmuir     na                  ([@ref53])
  modified wheat bran                                             2 h       4.33                   Langmuir     pseudo-second       ([@ref54])
  pristine natural zeolite                                        24 h      14.93                  Langmuir     pseudo-second       ([@ref55])
  polydopamine-treated zeolite                                    24 h      28.58                  Langmuir     pseudo-second       ([@ref55])
  Ca--Mg phosphate sorbent (PD-2)                                 10 min    264.16                 na           pseudo-second       ([@ref56])
  non-apatite Ca--Mg phosphate sorbent                            5 min     240.20                 Freundlich   na                  ([@ref57])
  polyamine-functionalized polystyrene adsorption resin (PSAPA)   600 min   112.14                 Freundlich   pseudo-second       ([@ref58])
  egg-shell glass beads                                           100 min   81.33                  Langmuir     pseudo-second       ([@ref59])
  Hydroxyapatite                                                  24 h      7.68                   na           pseudo-second       ([@ref60])
  metakaolin-based geopolymer                                     24 h      48.78                  Langmuir     pseudo-second       ([@ref61])
  activated carbon prepared from grape bagasse                    3 h       43.47                  Langmuir     pseudo-second       ([@ref62])
  MCK                                                             120 min   55.32                  Freundlich   pseudo-second       this work

3. Conclusions {#sec3}
==============

In this study, a porous ceramic-based adsorbent (MCK) with high Cu^2+^ adsorption capability was fabricated through molten salt reaction and silane coupling reaction. The chemical structure and adsorption characteristics of MCK were analyzed through several instrumental techniques. The main conclusions are summarized as follows:(1)Various factors affecting the adsorption property such as reaction time, pH, temperature, adsorbent dosage, and initial Cu^2+^ concentration were evaluated. The adsorption process was relatively fast; the equilibrium could be reached within 120 min, and the maximum removal efficiency is observed at pH 5, with a dosage of 0.8 g, and the initial concentration was 30 mg·L^--1^ at room temperature.(2)The adsorption of Cu^2+^ onto MCK was a spontaneous endothermic process from thermodynamic studies. The adsorption kinetic studies showed that Cu^2+^ adsorption onto MCK was best fitted with a pseudo-second-order kinetic model. The adsorption isotherm studies showed that the Freundlich models can well fit the adsorption process of Cu^2+^ onto MCK, which indicated that the adsorption of Cu^2+^ occurs on heterogeneous surfaces by multilayer adsorption. The chemisorption process was further confirmed from XPS analysis because of the strong interaction between Cu^2+^ with the −NH~2~ group.(3)MCK has good stability and regeneration performance and Cu^2+^ could be desorbed by HCl solution or EDTA-2Na solution. The Cu^2+^ removal efficiency decreases approximately by 4 and 7% (after 5 cycles) compared with the first adsorption by using EDTA-2Na and HCl, respectively. MCK has great potential application in the metal ion removing field.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

All the chemicals were analytically pure. Porous cordierite ceramics was purchased from Kelley Chemical Packing Co., Ltd. (Jiangxi, China); γ-aminopropyl triethoxysilane (KH550) was purchased from Youpu Chemical Co., Ltd. (Nanjing, China); absolute ethanol, aluminum sulfate, diatomaceous earth, sodium sulfate, copper sulfate, disodium edetate (EDTA-2Na), sodium hydroxide, and hydrochloric acid were purchased from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Double distilled water was used throughout the experiment.

4.2. Methods {#sec4.2}
------------

### 4.2.1. Preparation of Mullite Whiskers/Cordierite Porous Ceramics (MC) {#sec4.2.1}

First, Al~2~(SO~4~)~3~·18H~2~O was sintered at 400 °C for 3 h to remove the crystallization water to obtain anhydrous Al~2~(SO~4~)~3~ in a muffle furnace. Then, Al~2~(SO~4~)~3~ was used as the aluminum source, diatomaceous earth was used as the silicon source, and sodium sulfate was used as the molten salt. The reagents were accurately weighed in a proper amount with a mixing mass ratio of 5:2:14 for Al~2~(SO~4~)~3~/diatomaceous earth/sodium sulfate. The mixed powders of the above raw materials were ball-milled in a high-energy planetary balling machine at a rotation speed of 180 rpm for 30 min. After milling, the mixture was dried and filtered with a 100-mesh sieve. Then, the mixture was covered on the cordierite block at the bottom of the corundum crucible. The samples were heated to 1000 °C at the rate of 5 °C/min and then kept at 1000 °C for 2 h. After cooling to room temperature, the sulfate adhering to the base of cordierite was removed by washing with 100 °C double distilled water. Then, the product was dried in a vacuum oven at 100 °C for 24 h, and the obtained product was denoted as MC.

### 4.2.2. Modification of Mullite Whiskers/Cordierite Porous Ceramics (MCK) {#sec4.2.2}

Mullite whisker/cordierite porous ceramic activation process: a certain amount of mullite whiskers/cordierite porous ceramic was put in 2.5 mol·L^--1^ hydrochloric acid with a solid--liquid ratio of 1:10 in a 90 °C water bath for 2 h. Subsequently, the remaining hydrochloric acid from mullite whiskers/cordierite porous ceramic was removed, washed several times with double distilled water, and dried under vacuum at 50 °C to get the active mullite whiskers/cordierite porous ceramics. Modification: 80 mL of absolute ethanol and 10 mL of γ-aminopropyl triethoxysilane (KH550) were mixed by magnetic stirring for 1 h at room temperature. Then, the mixture and 12 g of active mullite whiskers/cordierite porous ceramic was added into the polytetrafluoroethylene reactor and hydrothermally treated at 70 °C for 24 h. After cooling to room temperature, the modified product was washed several times with absolute ethanol and dried in a vacuum oven at 60 °C for 24 h to obtain the surface-modified mullite whiskers/cordierite porous ceramic denoted as MCK.

4.3. Characterization {#sec4.3}
---------------------

The crystalline phases of the samples were determined by an X-ray diffractometer (D8, Bruker, Germany) using Cu Kα radiation at 40 kV and 30 mA. Bonds of samples were identified by FT-IR (Nicolet 5700, Thermo, America) in the wavenumber range of 4000--400 cm^--1^. The morphologies of the samples were determined by SEM (S-4800, Japan). The specific surface area and pore size distributions of the sample were measured by the means of the BET method via an accelerated surface area and porosimetry analyzer (Micromeritics USA, ASAP 2020) with N~2~ adsorption analysis. XPS spectra were recorded on an ESCALAB 250 electron energy spectrometer (Thermo Fisher Scientific, USA) using monochromated Al K-alpha 150 W as the X-ray excitation source. The concentration of copper ions was measured by atomic absorption spectrophotometry (AAS, WFX-120, Beijing Rayleigh Analytical Instrument Co., Ltd.). In addition, the open porosity of porous cordierite ceramic was measured in accordance with Archimedes' principle using distilled water as the liquid medium. The distribution of pore sizes of the porous cordierite ceramic was determined by using an automatic mercury porosimeter (AutoPore IV9500, Micromeritics Instrument Corp., America).

4.4. Batch Adsorption Experiment {#sec4.4}
--------------------------------

The adsorption experiments were carried out in a 150 mL stoppered conical flask which contained a certain number of adsorbents (0.8 g) and Cu^2+^ solution (30 mg·L^--1^) in a 180 rpm thermostatic oscillator at 298 K. Kinetics (*t* = 0--180 min), thermodynamics (*T* = 293--313 K), and adsorption isotherms (*c*~0~ = 10--110 mg·L^--1^) were studied. For these studies all parameters were fixed and only one parameter is changed. All adsorption experiments were repeated three times, and their mean values were used in the data analysis. The required pH was adjusted with 0.1 M HCl and 0.1 M NaOH solutions. The residual concentration of Cu^2+^ after adsorption was determined by AAS. The sample of adsorption Cu^2+^ onto MCK (Cu--MCK) was obtained after washing with double distilled water and drying. The removal efficiency ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) and the adsorption capacity ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}) of Cu^2+^ were calculated by the following equationswhere φ is the removal efficiency (%), *q* is the adsorption capacity (mg·g^--1^), *c*~0~ and *c* are the initial and equilibrium concentrations of Cu^2+^ solutions (mg·L^--1^), respectively, *v* is the volume of the adsorption solution (mL), and *w* is the dosage of the adsorbent (g).

The thermodynamic parameters can be calculated according to the laws of thermodynamics using the following [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}--[5](#eq5){ref-type="disp-formula"}.where *R* is the gas constant (8.314 J·mol^--1^ K^--1^), *T* is the absolute temperature (K), *k*~c~ is the thermodynamic equilibrium constant, *c*~∂~ is the concentration of the metal ions on the adsorbent (mg·L^--1^), and *c*~e~ is the equilibrium concentration of residual metal ions (mg·L^--1^); the thermodynamic parameters can be obtained from the slope and intercept of ln *k*~c~ versus 1/*T*, respectively.

The adsorption kinetics of Cu^2+^ adsorption were fitted by a pseudo-first-order kinetic model^[@ref63]^ and a pseudo-second-order kinetic model.^[@ref64]^ The pseudo-first-order kinetic model can be expressed in nonlinear ([eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}) and linear forms ([eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}) and the pseudo-second-order kinetic model ([eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"}) in linear forms ([eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}).where *q*~e~ and *q*~*t*~ are the adsorption capacities (mg·g^--1^) at equilibrium and at time *t* (min), respectively. *k*~1~ is the rate constant of the pseudo-first-order kinetic equation (min^--1^), and *k*~1~ and *q*~e~ can be obtained from the slope and intercept of ln(*q*~e~ -- *q*~*t*~) versus *t*, respectively. *k*~2~ is the rate constant of the pseudo-second-order kinetic equation (g·mg^--1^ min^--1^). The values of *q*~e~ and *k*~2~ can be obtained from the slope and intercept of *t*/*q*~*t*~ versus *t*, respectively.

The adsorption isotherms of Cu^2+^ were fitted by the Langmuir model^[@ref65]^ and the Freundlich model.^[@ref66]^ The nonlinear form of the Langmuir model is described in [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"} and its linearized form is shown in [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}. The nonlinear and linear forms of the Freundlich equation can be expressed as shown in [eqs [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} and [13](#eq13){ref-type="disp-formula"}, respectively.where *q*~e~ is the equilibrium adsorption capacity (mg·g^--1^), *q*~m~ is the maximum adsorption capacity corresponding to the complete monolayer coverage (mg·g^--1^), *c*~e~ is the equilibrium concentration (mg·L^--1^), and *K*~L~ is the Langmuir adsorption equilibrium constant (L·mg^--1^). *K*~F~ is the Freundlich constant ((mg·g^--1^)·(mg·L^--1^)^−*n*^) and *n* (dimensionless) is the Freundlich intensity parameter. The values of *q*~m~ and *K*~L~ can be derived from the slope and intercept of *c*~e~/*q*~e~ versus *c*~e~. *K*~F~ and *n* are Freundlich constants related to the adsorption capacity and adsorption intensity, respectively. The values of *n* and *K*~F~ can be obtained from the slope and intercept of log *q*~e~ versus log *c*~e~.

4.5. Desorption Experiment {#sec4.5}
--------------------------

The desorption study was carried out using HCl (0.1 mol·L^--1^) and EDTA-2Na (0.5 g·L^--1^) solutions. Cu--MCK was added in 20 mL of 0.1 mol·L^--1^ HCl solution and 20 mL of 0.5 g·L^--1^ EDTA-2Na solution under stirring at 180 rpm up to 4 h for desorption, respectively. Then, the mixture was washed with double distilled water, and the consecutive adsorption--desorption cycle was carried out five times to investigate regeneration property.
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